The globin gene is preferentially sensitive to digestion by DNase I in erythrocyte chromatin but not in brain, fibroblast, or oviduct chromatin. Elution of the erythrocyte chromatin with 0.35 M NaCl leads to no detectable change in the gross structure of individual nucleosomes; however, in this depleted chromatin the globin gene is no longer preferentially sensitive to DNase I. Reconstitution of the depleted chromatin with either the entire 0.35 M NaCl fraction or a subclass from this fraction greatly enriched in two high mobility group proteins (nos. 14 and 17) results in the successful reconstitution of DNase I sensitivity of the globin gene. For all of these preparations, the inactive ovalbumin gene exhibited no preferential sensitivity to DNase I. Reconstitution of the erythrocyte 0.35 M NaCl fraction with depleted brain chromatin resulted in no preferential sensitivity of the globin gene in brain chromatin; however, reconstitution of the brain 0.35 M NaCl fraction with depleted erythrocyte chromatin led to successful reconstitution of DNase I sensitivity of the globin gene. Thus, the eluted proteins responsible for conferring DNase I sensitivity are probably not tissue-specific and probably do not recognize specific DNA sequences.
The globin gene in chicken erythrocyte nuclei is preferentially sensitive to digestion by DNase I but not to digestion by staphylococcal nuclease (1) . The resistance of the globin gene to staphylococcal nuclease suggests that the globin gene is packaged into nucleosome-like particles; however, its sensitivity to DNase I indicates that these particles are conformationally different from most nucleosomes. The sensitivity of the globin gene to DNase I is tissue specific in that globin chromatin is preferentially digested in erythrocytes, but not in chicken oviduct. Conversely, the ovalbumin gene is preferentially digested in the chicken oviduct but not in erythrocytes (1, 2) . The sensitivity to DNase I of actively transcribed genes seems to be general, because sequences coding for nuclear RNA (1) and the least abundant class of mRNAs (3, 4) are also preferentially digested. Moreover, the latter genes are digested at about the same rate as the ovalbumin gene in chicken oviduct nuclei (3) . This indicates that the sensitive chromatin structure may be fairly universal and independent of the frequency at which an active gene is transcribed. In addition to these genes, various actively transcribed, integrated viral genes (exogenous and endogenous) are sensitive to DNase I (5-7), and ribosomal DNA is also preferentially sensitive (8) (9) (10) .
The sensitivity of actively transcribed genes to DNase I probably reflects an altered nucleosome structure that is required for RNA chain elongation. It is also likely that DNase I sensitivity reflects a potential for a gene to be copied, because the globin gene remains sensitive in mature erythrocytes that are no longer active in transcription (1, 11) , because the ovalbumin gene remains sensitive in the hormone-withdrawn chicken oviduct (12) , and because physarum ribosomal DNA The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
remains sensitive during mitosis (9) when ribosomal RNA transcription is not detectable.
The boundaries of the sensitive chromatin structure are also very precise because, in the case of a hamster line transformed by adenovirus, integrated adenovirus sequences that are transcribed are sensitive to DNase I, whereas the adjacent adenovirus sequences that are not transcribed are not sensitive (6); thus, the active stretch of chromatin has well-defined stopping and starting points.
One of the puzzling features of the DNase I results is that the sensitivity can extend over as many as 30-40 nucleosomes. In the case of globin and the exogenous and endogenous avian RNA tumor viruses, individual nucleosomes retain this sensitivity; however, in the case of the ovalbumin gene, individual nucleosomes are resistant, suggesting that a loosely bound protein may be responsible for conferring DNase I sensitivity. We believe that the simplest way to explain the sensitivity of a contiguous string of 30-40 nucleosomes is to assume that somewhere along the transcription unit there is a "recognition event" in which a particular DNA sequence is read. This is then followed by a non-sequence-specific "propagation event" in which a DNase I sensitive structure is propagated along the transcription unit. Here we describe experiments that define a group of proteins that are easily eluted from chromatin and are responsible in part for conferring DNase I sensitivity. These proteins are not tissue specific and they cofractionate with a specific subset of high mobility group (HMG) proteins (13) , which probably corresponds to HMG-14 and HMG-17. We believe that they take part in the proposed "propagation event"
and not in the "recognition event." (14) of the procedure of Laemmli (15) .
MATERIALS AND METHODS
Reconstitution and Digestion. The 0.35 M NaCl extract or the 10% trichloroacetic acid-soluble extract (neutralized and dialyzed into RSB), either alone or treated with trypsin and trypsin inhibitor, was added to the stripped chromatin pellet in an 8000-Mr-cutoff dialysis bag (Thomas) and dialyzed against RSB for 1-2 hr at 4VC. Trypsin treatment was at 10 ,qg/ml in 0.35 M NaCl at 370C for 0.5 hr. The reaction was stopped with the addition of a 5-fold excess of trypsin inhibitor. NaDodSO4/gel electrophoresis showed that all detectable proteins in the eluate were digested by this procedure and that the trypsin inhibitor was effective in preventing additional degradation of histones when the extract was reconstituted. All reconstitutions were performed with a 2-fold molar excess of eluate to depleted chromatin.
The reconstituted chromatin was digested at a DNA concentration of 2 mg/ml with pancreatic DNase I (Sigma) at 10 Aig/ml for 5 Hybridization Conditions. Hybridizations in excess DNA were performed as described (1) . Hybridizations in excess cDNA were usually set up with 20,000 cpm of globin cDNA (100,000 cpm was used for the experiment shown in Fig. 2) or 25,000 cpm of ovalbumin cDNA in increasing volumes of 0.3 M NaCl/50 mM Tris-HCI, pH 7.4/0.1% NaDodSO4 containing 5 mg of DNA per ml. Samples were heat denatured and annealed for 72 hr. The entire reaction mixture was assayed by resistance to S1 nuclease as described (1) . Both the globin cDNA and the ovalbumin cDNA were in excess of from 3-to 30-fold. Under these conditions, the value of initial concentration of DNA (moles of nucleotide/liter) X time (seconds) necessary for 50% hybridization (C0t4/2) for each reaction varied, so that samples with less DNA were approximately 40-fold beyond their C0tI/2 whereas samples with more DNA were about 6-or 7-fold beyond their C0t4/2. Thus, all points were taken well beyond saturation. 
RESULTS
Proteins Released from Nuclei by DNase I. Fig. lb shows a NaDodSO4/acrylamide gel of the proteins released from embryonic chicken erythrocyte nuclei after digestion with DNase I or staphylococcal nuclease. Most of the proteins released by the two nucleases were the same; however, two very prominent nonhistone proteins (labeled 5 and 7) were greatly enriched in the supernatant from the DNase I digest (p) but not in the supernatant from the staphylococcal nuclease digest (s). These proteins are likely to be HMG proteins because they were eluted from chromatin in 0.35 M NaCi and were soluble in 10% trichloroacetic acid, but precipitable by 20% or 25% trichloroacetic acid (Fig. la) . On the basis of their solubility properties and their migration in NaDodSO4/acrylamide gels (18, 19) , these proteins probably correspond to HMG-14 and HMG-17 and are probably different from those HMG proteins previously identified (20) as being preferentially released by DNase I in a different erythroid cell type. In addition, they are analogous to a related group of HMG proteins that have been described by Levy et al. (21, 22) as being associated with nucleosomes that are enriched in sequences coding for actively transcribed genes.
Reconstitution of DNase I Sensitivity. The globin gene was preferentially sensitive to DNase I in either mildly sheared erythrocyte chromatin or chromatin isolated by mild nuclease digestion (Fig. 2) . When these preparations were eluted with 0.35 M NaCI, a large number of nonhistone proteins were released (Fig. la) ; however, the basic nucleosome conformation of the chromatin was intact, as shown by the following assays: The 10-base repeat produced by DNase I was unaltered; staphylococcal nuclease produced normal multimers of nucleosome particles as assayed on nucleoprotein gels; trypsin digested only the histone tails, leaving the histone core intact; Lomant's reagent crosslinked the histone core into an octamer; and electron micrographs exhibited a beaded chromatin fiber (data not shown).
In contrast to those assays that monitor the structure of bulk chromatin, chromatin eluted with 0.35 M NaCl displayed no preferential sensitivity for digestion of the globin gene by DNase I (Fig. 2) as assayed by hybridization in excess globin cDNA. That some constituent(s) of the 0.35 M NaCl eluate was responsible for conferring DNase I sensitivity to the globin gene was confirmed by the following experiment. When the 0.35 M NaCl eluate was reconstituted to half an equivalent of the depleted chromatin by dialysis into RSB, the globin genes regained their sensitivity to DNase I (Fig. 2) . These general results are very reproducible and have been obtained in each of a total of 12 independent experiments performed to date. Because the active component in the 0.35 M NaCI eluate was lost after treatment of the extract with trypsin (Fig. 2) , we presume that at least one component was a protein. One clue to the identification of this protein comes from the data shown in Fig. 1 indicating that HMG-14 and HMG-17 were preferentially released from nuclei by low DNase I treatment. Thus, HMG-14 and HMG-17 were purified from the 0.35 M NaCl eluate by differential precipitation with trichloroacetic acid. These proteins were then neutralized and dialyzed into 10 mM Tris-HCI, pH 7.4, and then RSB and tested for their ability to restore DNase I sensitivity to the globin genes by dialysis (against RSB) onto the 0.35 M NaCI depleted chromatin. The data in Fig. 2 show that these proteins were also effective in restoring DNase I sensitivity to the globin gene.
In order to test whether the active component in the 0.35 M NaCI extract was tissue-specific, a similar 0.35 M NaCI wash from brain nuclei (in which the globin gene was not preferentially digested by DNase I) was isolated. Fig. 3 shows that this fraction could also confer DNase I sensitivity on the globin gene in depleted erythrocyte chromatin. These results clearly show that the active component responsible for reconstituting DNase sensitivity in depleted erythrocyte chromatin was not tissue specific. In contrast, when the 0.35 M NaCI fraction from erythrocytes was reconstituted to the 0.35 M NaCl depleted brain chromatin, the globin gene in brain remained DNase I resistant. Thus, the specificity for the interaction between the eluted proteins and the residual chromatin still remained with the residual chromatin.
As an internal control for these experiments, both the depleted and the reconstituted DNase I-treated erythrocyte DNA preparations displayed no preferential loss of ovalbumin DNA sequences (Fig. 4) HMG-14 and HMG-17 are also those proteins that are specifically released from undepleted nuclei by DNase I (and not by staphylococcal nuclease). This suggests that they are physically present on actively transcribed regions and that they probably do not work enzymatically. These results are also compatible with recent findings (23) showing that fluorescence-labeled antibodies to proteins released by DNase I specifically stain regions of the Drosophila salivary gland chromosome that are puffed or have puffed at some time during development. These experiments provide a clear demonstration that proteins of this type are in fact localized in regions of the chromosome that have been or are potentially active.
The 0.35 M NaCI fraction from erythrocytes can induce DNase I sensitivity in depleted erythrocyte chromatin, but not in depleted brain chromatin. In contrast, the 0.35 M NaCl fraction from either brain or erythrocytes can induce DNase I sensitivity only in depleted erythrocyte chromatin. Thus, there are at least two factors responsible for conferring a DNase Isensitive structure on active genes-one that is elutable in 0.35 M NaCl and is not tissue specific and another that is not elutable, but remains tightly bound to the globin gene in erythrocyte chromatin and is not present or functional on the globin gene in brain chromatin. For convenience, we call such a component a "receptor" factor and the component that is eluted, an "elutable" factor. The experiments reported here strongly suggest that the "elutable" factor is either HMG-14 or HMG-17 or both. In addition to the elutable and receptor factors, our previous work suggested the existence of at least two other functional elements important for globin gene activation-a "recognition" factor that presumably recognizes the globin gene during development and a "propagation" factor that is responsible for propagating a DNase I-sensitive structure to each nucleosome in the transcription unit. By use of the DNase I assay, the relationship among these four functional elements can now be approached experimentally.
